Introduction
Neutrophils are the predominant immune cells in circulation. They protect the body against invading pathogens by migrating from the circulation to tissues, following a hierarchy of 20 chemotactic signals that guide their recruitment to the sites of injury. [1] [2] [3] Their ability to prioritize one chemoattractant over another is important toefficiently navigate the complex tissues. [4] [5] [6] Particularly, two signalling pathways for neutrophil chemotaxis have been demonstrated that involve 25 phosphatidylinositol-3-OH kinase (PI(3)K) phosphatase and p38 mitogen-activated protein kinase. [7] [8] [9] [10] The activation of the PI(3)K pathway is triggered by tissue-derived chemokines, i.e. leukotriene B4 (LTB 4 ) and interleukin 8 (IL8) secreted by endothelial cells, macrophages, and mast cells. The activation 30 of the p38 pathway is triggered by bacteria-derived chemokines, i.e. N-formyl-methionyl-leucyl-phenalanine (fMLP) or complement factor 5a (C5a) [8] [9] [10] [11] , and can override signalling through the PI(3)K pathway.
In the past few years, significant progress has been made 35 towards a better understanding of how neutrophils respond to competing signals. [12] [13] [14] [15] However, a precise quantification of the responses to temporal sequences of stimuli has not been studied. This is mainly due to the difficulty of extracting the role of individual chemokines at each stage during an immune controlled and temporal fashion. One of the common platforms for studying human leukocytes trafficking in vitro is the transwell filter assay that provides an end-point count of migrating cells towards a single chemoattractant. 16 Microfluidic-based platforms, on the other hand, have provided 55 researchers with valuable tools to precisely quantify the full response of leukocytes to stable chemoattractant gradients on a single-cell resolution. 17 The tree-shaped single gradient generator was among the first of these platforms. 
Materials and Methods

Microfluidic Platform Fabrication
The fabrication was performed using standard soft lithographic techniques on two six-inch wafers (Fig. 1A) . Multiple layers of photoresist (SU8, Microchem, Newton, MA) were aligned on 20 the network wafer, with thicknesses of 5 µm for neutrophil migration channels, 10 µm for the entrance zone to the migration channels, 50 µm for sinks and all compartments on the network wafer.A single layer of 50 µm in thickness was patterned for pneumatic chambers on the valve control wafer. 25 A mixture of PDMS (Polydimethylsiloxane) and its curing agent (SYLGARD 184 A/B, Dow Corning, Midland, MI, USA) at 10:1 was spun to a thickness of 150 µm and baked in an oven set to 65 ˚C for at least 3 hours. For the control layer, the mixture was poured to a thickness of ~3 mm and cured at room 30 temperature for 48 hours to avoid the shrinkage of PDMS and dimensional mismatch with the network layer (Fig. 1B) . Afterwards, the control layer was peeled off and punched with a 1.5 mm puncher (Harris Uni-Core, Ted Pella Inc., Reading, CA) to define two control lines for side and central valves. The 35 network and control layers were then treated with oxygen plasma for bonding. A volume of 1 mL of high purity ethanol (99.9%, Sigma-Aldrich, St. Louis, MO) was gently spread on the top of the network layer to act as a surfactant. 34 The control layer was then placed and aligned to the network layer ( surfaces remained active. Afterwards, the valves were closed and opened fast and repeatedly, to deactivate plasma-activated surfaces by touching and separating them before bonding can occur, and ensure full functionality of the valves (Fig. 1D) . Finally, the platforms were immediately primed for 30 minutes 60 with a solution of human-fibronectin (Sigma-Aldrich), diluted to 100 nM in distilled water that had been autoclaved and filtered (0.2 µm filter, AM9920, Life Technologies, Grand Island, NY, USA). Fibronectin-treated surfaces were then rinsed with sterile water and the platform was filled with cell 65 culture medium of RPMI 1640 containing 10% FBS (SigmaAldrich) and 1% Penicillin/Streptomycin (Life Technologies).
Cell preparation
Human neutrophils were isolated from whole blood using 70 HetaSep followed by the EasySep Human Neutrophil Enrichment Kits (STEMCELL Technologies, Vancouver, Canada) following the manufacturer's protocol. After isolation, cells were washed using medium without serum. The cell membrane was stained with red fluorescent dye (PKH26PCL,
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Sigma-Aldrich). The stained neutrophils were re-suspended in culturing medium at a concentration of 20x10 6 cells.mL -1 .Ten µL of cell suspension were injected into the cell compartment and incubated at 37 °C supplied with 5% CO 2 for 30 minutes. Afterwards, 10 µL of each chemokine solution was injected into its designated chemokine compartment. 25 To simultaneously image the moving neutrophils in the arrayed 48 platforms, we used an automated microscope equipped with a motorized stage in the x and y directions (EclipseTi, Nikon Inc., Melville, NY, USA). A perfect focusing system (PFS, Nikon) compensated for any mechanical disturbance in the z 30 direction and maintained the quality of focusing through the experiment. For live-cell imaging, we integrated the microscope with a heated incubating stage (LiveCell 05-11-0032 Rev B, Pathology Devices Inc., Westminster, MD, USA), which was set at 37.7 ºC, 5% CO 2 , and 85% humidity. We 35 imaged the cells every 3 minutes using phase contrast and fluorescence for 2 hours with a 4x objective lens and in a largearea mode of 2 x 2 mm 2 with a 15% stitching.
Time-lapse imaging
Analysis of cellular motility
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Image analysis of the time-lapse movies at each location was performed using the NIS Elements (Nikon Inc.) and automated using the open-sourced software, CellProfiler (Broad Institute, Boston, MA, USA). The analysis was limited to the first hour of experiments, when the slope of chemical gradients 45 maintained about80% of the initial slope, at the start of the experiments. Also, we restricted the analysis to the neutrophils inside the migration channels and measured migration and neutrophil response timein the x direction along the migration channels. We defined the neutrophil "response time" as the 50 time for resting neutrophils to fully attach to the fibronectincoated glass surface and migrate at least 150 µm (70 µm in the entrance region and 80 µm inside the channel). Raw data was processed and analyzed using MATLAB (MathWorks, Inc, Natick, MA). two distinct gradients of chemokines and apply these to cells at the same time ( Fig. 2A) . Two 'default-closed' valves are placed between chemokine compartments and chemokine chambers and are opened temporarily during chemokine priming of the chambers and migration channels (Fig. 2B, 2D 75 1-2). 35 One 'default-open' central valve is closed during cell loading and chemokine priming, and when it opens, cells are immediately exposed to gradients and start chemotaxis (Fig.  2C, 2D 3-4) . In order to generate similar gradients of the two chemoattractants having different molecular weights, we 80 designed two sinks between the migration channels and the central compartment to compensate for the difference in diffusivity of the two chemokines during the priming step. These sinks are twenty times larger in volume than the migration channels. 
Validation of the spatial and temporal chemokine gradients
We visualized the formation of chemical gradients inside the devices using fluorescent dyes. To account for the differences 20 in molecular weight among different chemokines, we tested fluorescein sodium salt (MW 376 Da) and various FITCconjugated dextran between 3 kDa and 70 kDa of molecular weight (Fig.3) . The process started with priming the channels by opening the side valves and filling the side compartments 25 and migration channels with chemokine (Fig. 3A) . The concentration of FITC-dextran in the chemokine compartment and channels stabilized in between 2 minutes for fluorescein of 45 376 Da, and 18 minutes for the 70 kDa dextran (Fig. 3B-D) . During the priming period, no leakage of fluorescein or fluorescently labelled dextran inside the central compartment was observed. Later, the central valve was opened to form a stable gradient along the channels, between the central and side 50 compartments (Fig. 3E) . Gradients of fluorescein and FITCdextran of 3 kDa stabilized within 3 minutes along the migration channels (Fig. 3F, G) and the central compartment (Fig. 3H) . For larger molecular weight dyes (10, 40 and 70 kDa), gradients stabilized within 10 minutes after opening the 55 central valve. The gradients along the migration channels remained at least 80% of their original slope during the first hour. The duration of the stable gradients, validated by dye experiments, provided the effective period of the platform for chemotaxis measurements. 
Quantification of directional migration in response to competing gradients
10
To probe the response of neutrophils to two simultaneous chemoattractant gradients, we introduced fMLP and LTB 4 to the side compartments and plated neutrophils to the central compartment. The two chemokines stimulate cell migration through distinct pathways that involve PI(3)K and p38 MAPK, 15 respectively. 7 After opening the central valve, we observed a higher number of neutrophils migrating toward the source of fMLP at 100 nM compared to LTB 4 at 100 nM (Fig. 4A,  Supplementary Movie 1) . This bias was consistent with previously reported data 7-10 suggesting a hierarchy in which 20 end-point chemoattractants (fMLP) override intermediate-range chemoattractants (LTB 4 ). The lower priority towards LTB 4 was evident from the delay to initiate persistent migration when compared to that towards the higher-priority response toward fMLP. For systematic comparison, all conditions were tested in 25 a single run with neutrophils from the same donor and each condition was repeated three times. The "response time" as defined in this work is different from the "activation time" previously reported 7 in that it includes, in addition to the time for cells to initiate migration along the 30 gradient, the time to fully establish directional migration in migration channels. This definition was used to avoid the noisy and random changes in speed and directionality of neutrophils randomly distributed in the central compartment and take advantage of the consistent measurement inside confined 35 channels.
The response times to the two chemokines were different. It took 27.0 ± 5.3 min to establish fully developed directional migration toward 10 nM fMLP gradient, compared to 34.0 ± 5.7 min toward 100 nM LTB 4 (Fig. 4B) . The first neutrophils 40 migrated through the channels and reached the fMLP chamber 36 minutes after the central valve was opened, compared with 51 minutes for the LTB 4 . More neutrophils accumulated in the side chambers in response to fMLP compared to LTB 4 and the accumulation continued for more than 2 hours (Fig. 4C) .
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The migration speed to various concentrations of chemokines, showed similar profiles for fMLP and LTB 4 , with a peak speed of 13.6 ± 0.7µm.min -1 at 10 nM of fMLP alone (Fig. 4D) , consistent with the average migration speed previously reported in other studies. 10 The response time decreased with 50 increasing concentrations of chemokines, and was systematically shorter for fMLP compared to LTB 4 at similar concentrations (Fig. 4E) reported 20 % reduction of the fluorescein gradient within the first hour, we estimate that approximately 80 % of original gradients of chemokines are still present at one hour. These gradients were sufficiently effective for neutrophil migration for the duration of our experiments and we observed that 80 neutrophils continued to migrate at consistent speeds for more than 2 hours after the start of the experiment. The use of the device could be extended to chemoattractants of larger molecular weight, and the data from the characterization of the device using larger molecular weight FITC-dextran could serve 85 as a guide for these conditions.
Real-time evaluation of chemotaxis cross-activation
To investigate the response of neutrophils to stimulation by simultaneous gradients of fMLP and LTB 4 , we measured the 90 speed and response time of neutrophils at various concentrations (Fig. 5) . Neutrophil migration speed toward fMLP gradients at 10 nM increased by less than 10% in the presence of LTB 4 gradient at 100 nM (from 13.6 ± 0.7 to 15.4 ± 0.7 µm.min -1 , Fig. 5A ). The increase was comparable to that 95 toward the LTB 4 gradient at 100 nM in the presence of the fMLP gradient at 10 nM (from 13.3 ± 0.6 to 14.2 ± 0.6 µm.min shortened by 10 % in the presence of the LTB 4 gradient (from 27.0 ± 5.3 to 23.7 ± 0.8 min, Fig. 5C ). Significantly shorter response time by 26% was observed for chemotaxis toward LTB 4 in the presence of the fMLP gradient (from 34.0 ± 5.7 to 27.0 ± 2.1 min, Fig. 5D ). In all of the control conditions, 5 neutrophils did not enter into the migration channels. Instead, neutrophils preferred to stay either at the 10 µm-high entrance zone or the 50 µm-high central cellular compartment where the cells were initially introduced (Supplementary Figure S2) .
Conclusions
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We designed a chemotaxis platform capable of providing up to 48 stable combinations of chemoattractant gradients by the simple operation of only two pneumatic lines. We observed a hierarchical neutrophil response to competing gradients and performed precise measurement of the speed and response 
